Abstract-The water content in the epidermis correlates with different pathologic states of the skin; thus its assessment can aid the diagnosis and monitoring of conditions such as inflammation, edema, burns, and skin cancer. A micromachined microwave near-field probe, operating from 90 to 106 GHz, which, in contrast to earlier used microwave probes, has a minimized sensing area of 0.6 mm × 0.5 mm and an optimized sensing depth of 400 µm in tissue, has been developed and technically characterized by the authors earlier. This letter reports on the long-term monitoring of sodium lauryl sulfate (SLS)-induced skin irritations with the micromachined microwave probe. Aqueous solutions with 1%, 2%, 5%, and 10% SLS were applied to the forearm of a volunteer for 24 h and microwave reflection measurements were taken before and during 11 days after the SLS application. For all SLS-treated spots the microwave absorption reached the highest levels of 4 to 7 days after SLS application and afterward converged toward baseline levels again. The observed biphasic progression of the microwave reflection signal agrees well with trends from the literature for capacitance measurements and for epidermal thickness and signal attenuation in optical coherence tomography after SLS exposure. The measurements indicate that the microwave probe is very suitable to determine changes in the water content in the epidermis and can aid in the diagnosis of pathologic conditions including skin cancer.
I. INTRODUCTION
T HE content of free and bound water in the epidermis correlates with different pathologic states of the skin, such as inflammation, edema, burns, and skin cancer, and thus its assessment can aid the diagnosis of these conditions [1] , [2] . The assessment of the epidermis hydration does not necessarily need to be of absolute nature, relevant information can be derived from the difference to surrounding tissue or the relative hydration change over time. Different techniques for in vivo skin hydration measurement have been introduced in the past. Infrared spectroscopy, and capacitive and conductive measurements are capable of determining the hydration of the stratum corneum, the outermost, up to 100 µm thick layer of the skin, but fail to provide information about the state of the viable epidermis and the dermis [3] . Confocal Raman spectroscopy and magnetic resonance imaging are capable of quantifying the epidermis hydration, but require expensive and large instrumentation and are limited by long measurement times [4] , [5] . The measurement of the transepidermal water loss (TEWL), also used in this letter for reference measurements, provides information about the skin water barrier function, but not about the water content of the skin tissue [6] . An alternative, as reported in this letter, is microwave reflection measurements. The complex permittivity of tissue depends on its water content [7] ; and microwave near-field probes have been shown to be very sensitive to the water content of tissue [8] - [10] and to be suitable for the diagnosis of skin tumors including malignant melanoma [11] . For such measurements standard open-ended waveguide probes have been used in research, which measure the average properties of a tissue volume of several cubic millimeters and therefore cannot resolve early stage skin tumors or small inhomogeneities in tumors [10] . Therefore, a micromachined microwave near-field probe, operating from 90 to 106 GHz in a one-port reflection measurement setup, has been developed and technically characterized by the authors, including responsivity, repeatability, and resolution [12] (see Fig. 1 ). The probe has a substantially minimized sensing area of 0.6 mm × 0. GHz measured before and after SLS exposure and TEWL measured after SLS exposure on the different spots exposed to 10% SLS, 5% SLS, 2% SLS 1% SLS, and pure water (control), respectively. Mean and standard deviation for n = 3. The baseline was calculated as linear regression of the control site measurements. The standard deviation for all measurements on the control side is 0.32 dB or 7.2%.
of 400 µm in tissue, which guarantees that the probe interacts mainly with the epidermis and the upper part of the dermis and not with deeper tissue layers, which is a requirement for high sensitivity to early-stage skin tumors. To demonstrate the probe's capability of evaluating the water content of the epidermis, a sodium lauryl sulfate (SLS) exposure test was conducted. Application of SLS at low concentrations on the skin induces (among other reactions) spongiosis, i.e., an increase in tissue water content [13] . The change of the microwave signal directly after a single SLS application, which caused a weak reaction to the skin of a volunteer, has been measured and presented in [14] . Here, the results from using the microwave probe for monitoring the long-term skin reaction to SLS application of different concentrations over a time course of 11 days after application are presented for the first time.
II. MATERIAL AND METHODS
Sodium lauryl sulfate (SLS) solutions in distilled water with concentrations of 1%, 2%, 5%, and 10% SLS by weight were applied to the forearm of a volunteer for 24 h using a standard Van-der-Bend closed patch test system with five square (1 cm × 1 cm) chambers containing filter paper. Chambers 1-4 were filled with 80 µl of 1%, 2%, 5%, and 10% SLS solution, respectively, and chamber 5 was filled with pure distilled water as reference. Microwave reflection measurements with the microwave probe were taken on two random positions within each spot (1-5) before application of the SLS (day 0) and 3 h after the removal of the patches (day 1) and in the subsequent days 2-5, 7, 9, and 11 using the micromachined microwave probe.
Additionally, TEWL was measured on all spots using the Tewameter TM 300 (Courage+Khazaka electronic GmbH, Cologne, Germany) subsequent to the microwave measurements on days 1-5, 7, 9, and 11; two measurements series on all spots were taken each day. TEWL is commonly used to quantify the water barrier function of the skin, which is known to be diminished after SLS exposure [13] . Thus, an increased TEWL is a sign of a skin reaction to SLS exposure. TEWL provides no direct information about the skin water content Fig. 3 . Robustness of the measurement against variations in contact pressure: Placing the probe against the skin and controlling that the probe tip indents the skin by at least 0.5 mm ensures a trustworthy measurement. Microwave signal (at 96 GHz) measured while the probe was lowered stepwise onto the skin and beyond skin contact, temporarily indenting the skin slightly. and therefore not on skin tumors either, but can serve as an estimate for the skin response to the SLS exposure and thus as reference for the experiments in this letter.
III. RESULTS AND DISCUSSION
The measured microwave reflection S 11 at 96 GHz is displayed in Fig. 2 . The measurements on the SLS-treated spots show a clear change in the signal following the SLS exposure: the microwave absorption reached the highest level 4-7 days after patch removal. An increased absorption indicates spongiosis, i.e., an increase in the water content, of the viable epidermis, which is known to develop after SLS exposure [13] . Thereafter, absorption levels converged toward baseline levels again. The values measured at the control spot show only a small signal fluctuation assumed to be caused by random factors such as temperature, air humidity, and circulation. Longterm monitoring of the water content of the viable epidermis after SLS exposure has, to the best of our knowledge, not been published before this letter. Other skin response parameters following SLS exposure, such as capacitive measurements [15] and optical coherence tomography [16] , have confirmed the biphasic progression behavior with the maximum effect of 4-7 days after SLS exposure, which are for the first time reported in this letter for water content assessment of the viable epidermis by microwave measurements. Also, the progression of the TEWL levels in this letter, used for reference, is similar to the ones observed by [15] and by [16] : TEWL levels were the highest directly (day 1 or 2) after the SLS exposure and subsequently converged to a level corresponding to skin that had not been exposed to SLS (Fig. 2) .
Furthermore, this letter has confirmed that the probe-skin contact pressure has no significant influence on the microwave signal. Robust measurements are easily achieved by gently pressing the probe against the skin so that the probe tip indents the skin by at least 0.5 mm (Fig. 3) .
IV. CONCLUSION
This letter indicates that the presented micromachined microwave probe is very suitable to determine changes in the water content of the epidermis. In particular, this letter found that trends in long-term monitoring of skin alterations can be reliably followed, and agree with alternative measurement principles published in the literature. Thus, the presented microwave probe has the potential to aid in the diagnosis of skin cancer and/or other conditions characterized by a change in water content in the epidermis.
